A polymerase chain reaction (PCR)/ligase detection reaction (LDR)/flow-through hybridization assay using chemiluminescence (CL) detection was developed for analyzing point mutations in gene fragments with high diagnostic value for colorectal cancers. A flow-through hybridization format using a capillary tube, in which probe DNA-immobilized magnetic beads were packed, provided accelerated hybridization kinetics of target DNA (i.e. LDR product) to the probe DNA. Simple fluid manipulations enabled both allele-specific hybridization and the removal of non-specifically bound DNA in the wash step. Furthermore, the use of CL detection greatly simplified the detection scheme, since CL does not require a light source for excitation of the fluorescent dye tags on the LDR products. Preliminary results demonstrated that this analytical system could detect both homozygous and heterozygous mutations, without the expensive instrumentation and cumbersome procedures required by conventional DNA microarray-based methods.
Introduction
Many diseases are associated with point mutations in specific genes. These point mutations include single base substitutions, deletions, and insertions. For example, colorectal cancers possess point mutations in the K-ras gene, which arise early in the development of the disease in nearly 30 -50% of patients. [1] [2] [3] Once acquired, K-ras mutations are conserved throughout the course of tumor development. Such mutations could therefore prove to be excellent diagnostic markers for clinical staging (prognosis) and early detection of colorectal cancers, as well as for the prediction and treatment monitoring of many genetic diseases. 4, 5 One of the most promising techniques for detecting point mutations is the polymerase chain reaction (PCR)/ligase detection reaction (LDR)/hybridization assay. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] A conceptual schematic of this assay is depicted in Fig. 1 . In brief, following PCR amplification of the gene possessing the point mutations, the amplicon is mixed with two LDR primers (a common primer and a discriminating primer) that flank the mutation of interest. The discriminating primer contains a nucleotide base at its 3′ end that corresponds with the single-base mutation site. If there is a mismatch (e.g. a C/A mismatch, as shown in the outcome on the right in Fig. 1 ), ligation of the two primers does not occur. However, a perfect match (e.g. a C/G match, as shown in the outcome on the left in Fig. 1 ) results in successful ligation of the two primers, and produces a product that can be selectively detected by allele-specific DNA hybridization techniques, such as DNA microarrays. Microarray technology does, however, have some major disadvantages, such as the cumbersome and time-consuming procedures required for probe-array preparation and hybridization analysis. In addition, it requires expensive equipment, such as a high-precision microarray spotter and a microarray scanner equipped with a laser light source.
However, there are a number of studies in which flow-through hybridization of DNA onto probe-conjugated microbeads was successfully performed while being confined to microfluidic chambers [16] [17] [18] [19] [20] [21] [22] [23] and capillary tubes. [24] [25] [26] [27] The use of beads as solid supports for capture probes for flow-through hybridization analysis is advantageous for the following reasons: (1) enhanced hybridization efficiency due to the effective mixing of solutions 23 and a significantly larger surface area compared with the interior surface area of a typical microfluidic channel; 22, 23, 28 (2) easier modification of the bead surfaces compared with the walls of a microfluidic path; 29, 30 (3) facile positioning of beads in the microfluidic network using a microfabricated bottleneck, 20 weir, 16, 19, 22 and cage, 31 or more simply, one can place magnetic beads anywhere in the microfluidic network using small magnets. 18, 21 Because the chemiluminescence (CL) detection method can provide high sensitivity while using simple instrumentation, it has become a powerful and essential tool for a wide range of applications in fields such as molecular biotechnology, pharmacology, and biomedical chemistry. [32] [33] [34] [35] To the best of our knowledge, CL detection has not yet been reported for PCR/LDR/hybridization assays. In this study, we report on a PCR/LDR/flow-through hybridization assay with CL detection using magnetic beads packed in a capillary tube. The use of magnetic beads confined to a capillary tube provided a platform for probe attachment and sequential fluid manipulations. We used this method to detect matched ligation products, produced using PCR amplicons derived from human cancer cell lines with K-ras mutations, as template DNA in the LDR. Our preliminary results demonstrated that the present analytical system can detect point mutations and simultaneously disclose their allelic compositions without the expensive instrumentation and labor-intensive procedures involved in conventional DNA microarray-based methods.
Experimental
PCR amplification of genomic DNA PCR amplifications were carried out to generate 290 bp amplicons using 50 μL of 1× GoTaq reaction buffer (pH 8.5, 1.5 mM MgCl2; Promega, Tokyo, Japan), 300 μM dNTPs, 0.5 μM forward and reverse primers, and 50 -200 ng of genomic DNA extracted from cultured human cell lines of known K-ras genotype (HT29, wild-type; LS180, G12D, SW1116, G12A, SW620, G12V). The gene-specific PCR primers were obtained from Integrated DNA Technologies (IDT; Coralville, IA); their sequences are described in Table S1 (Supporting Information). The genomic DNA extraction kit used in this study and the nomenclature of the given mutations (e.g. G12V) are described in Section 2.1 (Supporting Information). After a 2 min initial denaturation at 94 C, 1.25 U of GoTaq DNA polymerase (Promega) were added under hot-start conditions, and amplification was achieved by thermal cycling for 35 cycles at 94 C for 15 s, 61 C for 30 s, 72 C for 18 s, and a final extension at 72 C for 1 min, using a commercial thermal cycler (Eppendorf Japan, Tokyo, Japan). PCR products were quantified by absorbance at 260 nm and stored at -20 C until required for the LDR. The sequences of the PCR amplicons adjacent to the target alleles are described in Fig. S1 (Supporting Information).
LDRs
LDRs were performed using conditions similar to those described elsewhere with slight modifications. 36 In brief, the aforementioned PCR amplicons were used as template DNA through addition to a 50-μL solution containing 1× Taq DNA ligase buffer (20 mM Tris-HCl, 25 mM potassium acetate, 10 mM magnesium acetate, 1.0 mM β-nicotinamide adenine dinucleotide (NAD + ), 10 mM dithiothreitol, and 0.1% Triton X-100) at pH 7.6 (New England Biolabs, Beverly, MA), 400 nM of the Cy5-labeled common primer (IDT), and 100 nM of each discriminating primer (IDT). See Table S1 for the sequences of the 20-mer common primer and the 47-mer discriminating primers. The potassium ion concentration was adjusted to 100 mM through the addition of an appropriate amount of potassium chloride. After an initial 2 min denaturation step at 94 C, 20 U of Taq DNA ligase (New England Biolabs) were added to the cocktail under hot-start conditions, and the reactions were thermally cycled 20 times for 30 s at 94 C and 2 min at 65 C using a commercial thermal cycler. The reaction was then quenched by rapid cooling to 4 C.
Immobilization of probes onto magnetic beads
We acquired 24-mer biotinylated DNA strands with similar Tm values (zip codes 1, 3, 5, and 11 in Table S1 ) from IDT, containing unique sequences not found in the sample DNA template, which served as probes for the LDR products. 15 The allele-specific discriminating primers used in the LDR contain probe complements on their 5'-end that direct the ligation products to a particular probe on the solid support. The common primers contain a fluorescent dye (Cy5) on their 3'-end. If the mutation is present, LDR ligates the two primers together, and generates dye-labeled duplexes upon hybridization with the appropriate probes tethered on the solid support ( Fig. 1) .
We used ~1 -3 μm diameter streptavidin-coated magnetic beads (PerkinElmer Chemagen Technologie, Baesweiler, Germany) as solid supports for the zip code probes. The immobilization of each zip code probe on the beads was performed using the biotin-streptavidin interaction, according to the following procedures. Five microliters of 25 mg mL -1 or 3.8 × 10 9 -5.0 × 10 9 microbeads mL -1 stock bead suspension (Section 4.1, Supporting Information) were washed with 30 μL of 10× SSC buffer three times, and then resuspended in 30 μL of 10× SSC buffer. Thirty microliters of 0.1 -1.0 μM probe solution were then combined with 30 μL of the washed bead suspension, followed by gentle mixing for 30 min at 25 C by a rotator (Eyelaco, Tokyo, Japan). After probe immobilization, the beads were washed with 30 μL of 10× SSC buffer three times to remove unbound probes.
Hybridization and CL detection
The above-mentioned probe-immobilized beads were resuspended with 5× SSC buffer to prepare a 125 μg mL -1 bead suspension. The beads were introduced into a fused-silica capillary (length, 40 cm; i.d., typically 250 μm; o.d., 360 μm; Polymicro Technologies, Phoenix, AZ) by pressure-driven flow, and retained there by a 1-mm thick neodymium magnet bar (NeoMag, Chiba, Japan) that was placed under the capillary (Fig. 2) . Specifically, the 125 μg mL -1 bead suspension was fed into the capillary using a syringe pump (Chemyx, Stafford, TX) at a flow rate of 50 μL min -1 for 2 -6 min, followed by the introduction of 5× SSC buffer at a flow rate of 50 μL min -1 for 30 s. This sequential fluid operation caused 12.5 -37.5 μg beads to accumulate in the capillary tube at the magnet bar. Prior to bead loading, the outer-wall polyimide coating of the capillary was removed 20 cm away from the capillary end to serve as an ~10 mm-long detection window for CL detection.
For hybridization of the LDR products to the probes tethered on the beads, the LDR samples were introduced into the capillary for 3 -7.5 min using a syringe pump at a volumetric flow rate of 4 μL min -1 . Subsequently, the beads were washed out by introducing 5× SSC buffer into the capillary for 10 min at a flow rate of 4 μL min -1 . The temperature of the capillary was kept at 55 C using a Kapton film heater (Omega Engineering, Stamford, CT) with a PID temperature controller (Omega Engineering) during the hybridization and wash steps to ensure hybridization stringency. 14 The CL reagent was a mixture of 2 mM [bis(2-(3,6,9-trioadecanyloxycarbonyl)-4-nitrophenyl]oxalate (TDPO) in acetonitrile and a 100 mM H2O2 aqueous solution. Prior to CL reagent loading, the solution in the capillary was completely removed so as to avoid degradation of the CL reagent by hydrolysis. The CL reagent was delivered into the capillary at a flow rate of 10 μL min -1 for 5 min and CL generated by the packed beads was detected using an Olympus IX-71 inverted microscope equipped with a photodetector (iXonEM + , Andor Technology, Belfast, Northern Ireland).
Results and Discussion

Optimization of assay conditions
The parameters affecting hybridization and CL detection were examined in order to gain maximum signal output. First, we investigated the influence of the amount of probe immobilized on the bead on the CL readout, using zip code 11. We used a 67-mer synthetic DNA strand (67-mer cZip11/Cy5 in Table S1 ), containing a zip code 11 complement on its 5'-end and a Cy5 tag on its 3'-end, as a capture DNA model. The CL intensity increased with the increase of the initial probe concentration in the range of 0.05 -0.25 μM, but decreased significantly at 0.5 μM (Fig. 3) .
We then performed the following experiment to determine the density of DNA on the microbead surface when the optimal probe concentration of 0.25 μM was employed for immobilization. A synthetic DNA strand (32-mer Cy5/Bio in Table S1 , Supporting Information), labeled with Cy5 at the 5'-end and biotinylated at the 3'-end, was immobilized at the optimal concentration of 0.25 μM using the same amount of beads as used for the zip code probe immobilization (125 μg). After the binding reached equilibrium, the remaining free DNA was retrieved and quantified by measuring the fluorescence of the resulting solution (Fig. S2, Supporting Information) . When assuming a representative diameter of 2 μm for the beads with a polydisperse size distribution (1 -3 μm), the measured probe density was 6.0 × 10 -19 mol bead -1 or 2.8 × 10 12 probes cm -2 of bead surface area (Section 4.2, Supporting Information). The binding capacity of the microbeads for biotinylated oligonucleotide guaranteed by the manufacturer is 8.0 × 10 probes cm -2 , which corresponds to a DNA binding efficiency in our experiments of 35%. There is also an optimal surface-probe density for maximizing the DNA hybridization efficiency. [37] [38] [39] At surface densities higher than the optimal value, repulsive electrostatic interactions and steric hindrance between the oligonucleotides lowered the hybridization efficiency. The measured probe DNA density of 2.8 × 10
12 probes cm -2 is consistent with conclusions obtained in previous studies, which report that rapid hybridization occurs on surfaces for probe densities < 3 × 10 12 probes cm -2 .
39,40
The amount of the probe-immobilized magnetic beads accumulated in the capillary tube also affected the CL intensity. The bead amounts of 12.5, 25.0, and 37.5 μg, which corresponded to 2.2 × 10 6 , 4.5 × 10 6 , and 6.7 × 10 6 microbeads, respectively (Section 4.3, Supporting Information), were packed into a capillary and the CL intensities were compared. While 12.5 μg beads showed the lowest CL intensity, 25.0 and 37.5 μg beads gave similar CL intensities, ~1.6 -1.7 times higher than that obtained with 12.5 μg beads. It appeared that when using 37.5 μg, the accumulated beads were more evenly distributed in the capillary than when using 25.0 μg. We therefore used 37.5 μg beads for all subsequent experiments, and obtained a packing efficiency (total bead volume/capillary volume at the magnet region; i.d., 250 μm × length, 1 mm) of 57% (Section 4.4, Supporting Information), indicating that the microbeads were packed tens of layers thick, and were fully spread in the radial direction within the capillary at the magnet region. It is likely that the CL signal that is detected is mainly luminescence emitted from the outermost layer of the bead closest to the photodetector. Therefore, the configuration of the outermost bead layer that is fully spread in the radial direction of the capillary with 37.5 μg bead packing is favorable for CL detection, because the emission area is increased compared with that obtained with smaller amounts of bead accumulation (e.g., the packing efficiency for 12.5 μg beads is 19%).
The hybridization time was also observed to significantly affect the CL intensity. A hybridization time of 5 min gave an ~2.1-fold the CL intensity of the 3 min hybridization. However, the CL intensity did not significantly increase after 5 min (7.5 min hybridization gave 2.3-fold the CL intensity of the 3 min hybridization). Thus, 7.5 min of the hybridization time, which required a 30-μL of sample solution at a volumetric flow Table S1 ); hybridization, 1 h incubation at 55 C in a 0.2 mL polypropylene PCR tube. CL detection conditions: CL reagent, 2 mM TDPO-100 mM H2O2 in acetonitrile; flow rate, 10 μL min -1 .
rate of 4 μL min -1 , was selected for this study.
K-ras mutation detection
Point-mutation detection of the K-ras gene was conducted using the optimized assay conditions determined above. Exon 1 of both wild-type and mutated K-ras genes (G12D, G12A, and G12V) were PCR-amplified from cultured human cell lines of known K-ras genotype, and the obtained amplicons (290 bp) were used as templates in the LDR. Ligations were performed in tubes with a Cy5-labeled common primer (i.e. K-ras c12 Com-2 in Table S1 ) and multiple discriminating primers (cZip1-K-ras c12.2WtG, cZip3-K-ras c12.2D, cZip5-K-ras c12.2A, and cZip11-K-ras c12.2V in Table S1 , Supporting Information). Each discriminating primer contained a zip code complement on its 5'-end (1, 3, 5, or 11, respectively). The discriminating primers (cZip3-K-ras c12.2D, cZip5-K-ras c12.2A, and cZip11-K-ras c12.2V) were directed against the three mutant variations (G12A, G12D, and G12V, respectively) in codon 12 of the K-ras gene that have high diagnostic value for colorectal cancer. The discriminating primer, cZip1-K-ras c12.2WtG, was targeted at the wild-type allele. For hybridization, LDR products generated from PCR amplicons that underwent successful ligation events were loaded into four separate capillary tubes, each containing magnetic beads onto which a different probe DNA (zip code 1, 3, 5, or 11) was immobilized. Figure 4 shows the CL responses at the four different capillaries for the LDR samples obtained using (A) wild-type, (B) mutant G12D, (C) mutant G12A, and (D) mutant G12V PCR amplicons, respectively. As shown in the relevant panels of Fig. 4 , the CL signals increased to peak levels only once, and then eventually returned to the background level, even though fresh CL reagent was continuously fed to the beads during the measurements. This is probably because the dye tagged onto the LDR products is degraded during the CL reaction. Incorporation into the LDR cocktail of PCR amplicons derived from genomic DNA possessing homozygous alleles at the target position such as the wild-type (Fig. 4A ) and mutant G12V (Fig. 4D) , produced a CL signal at only one of the four capillaries in which the corresponding zip code probe-immobilized beads were packed (zip code 1 for wild-type samples and zip code 11 for mutant G12V samples). On the other hand, because the genomic DNA of the mutant G12D carries heterozygous alleles at the target position, two different sequences, each differing only by one base (i.e. C or T), were equally PCR-amplified (Fig. S1) . Thus, CL signals were observed from two different capillaries, each containing beads conjugated with the corresponding probes (zip code 1 and 3, respectively; Fig. 4B ). Similarly, when the mutant G12A was examined, CL responses were observed from zip code 1-immobilized beads as well as zip code 5-immobilized beads, correctly representing the presence of heterozygosity in the genomic DNA (Fig. 4C) . Thus, the high fidelity of the present analytical system was confirmed. Also, it was demonstrated that the LDR products derived from 10 nM PCR products could be successfully detected, as well as in previous studies in which laser-induced fluorescence (LIF) detection was deployed. 10, 14 Hence, the CL detection method was proven to be a viable alternative detection method to LIF in the PCR/LDR/hybridization assay.
A major advantage of flow-through hybridization over the conventional non-flow format is its improved hybridization kinetics due to the enhanced mass transport of target sequences to probes on a solid support as well as the minimal diffusion distances. 13, 14, 41 We compared the CL intensity obtained from the flow-through format with that from the non-flow format (Fig. 5) . In the non-flow format experiment, the LDR products were gently mixed with the probe-immobilized beads for 7.5 min in a microtube using a rotator, and the beads were then washed with 5× SSC buffer. The washed beads were loaded into a capillary tube for CL detection, such that the CL intensities from both experiments (i.e. flow-through and non-flow hybridizations) could be compared using the same detection scheme. Even with the non-flow format, the hybridization should be somewhat accelerated by rotator mixing; however, the CL intensity from the flow-through format was still higher (~2.6 times) than that from the non-flow format, thereby confirming the above-mentioned attributes.
Conclusions
The PCR/LDR/hybridization assay is a well-established method that is effective for mutation detection. However, the DNA microarray-based technology used for detecting the resultant LDR products has been problematic due to its complexity and requirement for expensive instrumentation. The use of magnetic microbeads as a solid support for probe DNA in a capillary tube for a flow-through hybridization format with CL detection greatly simplifies the experimental setup and the post-LDR procedures.
Because of these attributes, the post-LDR processing could be carried out rapidly: 7.5 min for flow-through hybridization, 10 min for washing, and 2 min for CL detection (~19.5 min in total). This result is comparable to that obtained in the previous study: 6.5 min for flow-through hybridization, 10 min for washing, and 2.6 min for scanning (~19.1 min in total). However, the method of probe immobilization on the solid support and its arrangement in a confined microspace used in the present study is much more facile and rapid (~1 h) than that employed in the previous study, which requires almost a whole day for the low-density microarray preparation.
14 This system allowed the analysis of both homozygosity and heterozygosity in the PCR products. We are currently attempting to align four different sets of beads, each modified with a different zip code probe, in a single capillary tube to disclose allelic compositions of a LDR sample in a multiplex hybridization format. Further, massive parallel screening of single-point mutations in cancer cells would be realized by performing the assay with increased numbers of bead-aligned capillaries.
